Currently, there is no therapy for slowing down or stopping the progression of PKD. In this study, we identified the disintegrin metalloenzyme 17 (ADAM17) as a key regulator of cell proliferation in kidney tissues of conditional knockout Ift88 Ϫ/Ϫ mice and collecting duct epithelial cells from Ift88°r pk mice, animal models of autosomal recessive polycystic kidney disease (ARPKD). Using Western blotting, an enzyme activity assay, and a growth factor-shedding assay in the presence or absence of the specific ADAM17 inhibitor TMI-005, we show that increased expression and activation of ADAM17 in the cystic kidney and in collecting duct epithelial cells originating from the Ift88°r pk mice (designated as PKD cells) lead to constitutive shedding of several growth factors, including heparin-binding EGFlike growth factor (HB-EGF), amphiregulin, and transforming growth factor-␣ (TGF-␣). Increased growth factor shedding induces activation of the EGFR/MAPK/ERK pathway and maintains higher cell proliferation rate in PKD cells compared with control cells. PKD cells also displayed increased lactate formation and extracellular acidification indicative of aerobic glycolysis (Warburg effect), which was blocked by ADAM17 inhibition. We propose that ADAM17 is a key promoter of cellular proliferation in PKD cells by activating the EGFR/ERK axis and a proproliferative glycolytic phenotype. ADAM17; glycolysis; ERK; cell proliferation; polycystic kidney disease (PKD) POLYCYSTIC KIDNEY DISEASE (PKD) is a common genetic disorder leading to kidney failure and death. Even though cysts develop in only ϳ5% of the nephrons, the progressive cyst growth compresses surrounding normal kidney tissue, gradually causing chronic kidney disease and renal failure (11) . Mutations in autosomal dominant cystoproteins PKD1 and PKD2 and in autosomal recessive fibrocystin are responsible for most human PKD. Autosomal dominant PKD (ADPKD) alone affects more than 12 million people worldwide (11) . To date, several signaling pathways have been shown to be disregulated in PKD, including the mammalian target of rapamycin (mTOR) pathway, the vasopressin 2 receptor (V2R)/cAMP pathway, and the erythroblastic leukemia viral oncogene homolog (ErbB) family of transmembrane receptor tyrosine kinases (RTKs). Clinical trials that targeted some of these pathways showed little if any benefit (21, 23) . Effective therapy for treating PKD has not yet been identified.
Recently, a potential new therapeutic "metabolic" target for PKD has been described. Similar to cancer cells, fibroblasts from Pkd1-deficient mice (ADPKD) generate ATP mainly through aerobic glycolysis in the cytosol rather than ATP production through oxidative phosphorylation in mitochondria (18) . Although the glycolytic ATP yield per mole of glucose is lower compared with mitochondrial oxidation, the advantage of this "metabolic switch" in proliferating cells is that incomplete processing of glucose provides carbon backbones for the synthesis of lipids, proteins, and nucleic acids. Cells with this glycolytic phenotype are highly dependent on glucose, and cell proliferation decreases after treatment with glycolytic inhibitors, including 2-deoxyglucose (2DG). 2DG decrease glycolysis in kidneys of ADPKD mice and slows cyst growth, suggesting that aerobic glycolysis could be an important therapeutic target in PKD (18) .
Disintegrin metalloenzyme 17 (ADAM17), initially identified as "the" tumor necrosis factor-␣ (TNF-␣) converting enzyme (TACE), is the major sheddase of EGF-like growth factors, including transforming growth factor-␣ (TGF-␣) and heparin-binding EGF-like growth factor (HB-EGF) that activates EGF receptor (EGFR)-dependent proliferative signaling pathways like the mitogen-activated protein kinase (MAPK) pathway. ADAM17 also processes several cell surface receptors, including some of the ErbB receptors (EGFR/ErbB1 and ErBB4) and the TNF-␣ receptor (TNFR) that regulate cell proliferation, inflammatory signaling, and the MAPK/ERK pathway. A dual ADAM17/ADAM10 inhibitor slows cyst growth in the BALB/c polycystic kidney (bpk) mice model of ARPKD (4) . In a heterozygous Pkd2 ϩ/Ϫ model, the TNF-␣ inhibitor etanercept attenuates the growth of cysts. Importantly, treatment with etanercept inhibited localization of Pkd2 to the primary cilium and other regions of the plasma membrane of Madin-Darby canine kidney (MDCK) collecting duct cells (14) . Furthermore, ERK, an important effector of the AD-AM17/EGFR/MAPK cascade (1, 2), was implicated as a causative factor in the enhanced glycolytic phenotype observed in the Pkd1 Ϫ/Ϫ mouse, another model of ADPKD (18) . These interesting and important findings confirm the pathological role of ADAM17 in PKD. However, the exact mechanism of ADAM17 actions in PKD remains to be fully elucidated.
Previously, we found that ADAM17 activates signaling mechanisms that promote proliferation of mesangial and endothelial cells (7, 9) . Here, we have extend these findings to a model of autosomal recessive polycystic kidney disease (ARPKD) and demonstrate that PKD cells have higher ADAM17 expression and activity compared with control cells, which leads to sustained ERK activation, enhanced aerobic glycolysis, and increased cell proliferation. Furthermore, our data suggest that increased ADAM17 activity in PKD promotes a glycolytic, proproliferative phenotype through the ADAM17/EGFR/MAPK pathway. were genotyped, and their kidney tissues were harvested 3 mo after tamoxifen treatment.
MATERIALS AND METHODS

Animals
Cell Culture
We used SV40 immortalized temperature-sensitive collecting duct epithelial cells originating from the Oak Ridge Polycystic Kidney (orpk) mouse model that is a hypomorph for the Ift88/ Tg737 gene. These cells have nonfunctional cilia and are referred to as "PKD cells." The Ift88 gene was reintroduced into the cell line, and these cells were used as our control cells, referred to as "control." We obtained these cells from Dr. Bradley Yoder (University of Alabama). Both cell lines are characterized previously (25) . Cell culture reagents were obtained from Sigma-Aldrich, (St. Louis, MO) unless stated otherwise. Cells were cultured in DMEM/F12 (Life Technologies, Grand Island, NY) containing 5% FBS (Atlanta Biologicals, Atlanta, GA), 100 U/ml penicillin, 100 mg/ml streptomycin, 10 nM triiodothyronine, 50 nM dexamethasone, 1 mg/ml insulin, 0.55 mg/ml human transferrin, 0.5 g/ml sodium selenite, 12 U/ml interferon-␥, and 500 l/l geneticin (G418). Cells were maintained at 33°C in humidified air-5% CO 2 to allow them to proliferate. Subsequently, the cells were replated and cultured in the same medium without interferon-␥ at 38°C until confluent (4 -5 days). Confluent cell cultures were used in experiments.
Immunofluorescence Staining
Paraffin-embedded kidney sections (5 m) of Ift88 Creϩ (PKD) and Cre Ϫ (control) animals were processed using standard immunofluorescence protocols. PKD and control cells were seeded into 35-mm lysine-coated glass bottom culture dishes (MatTek, Ashland, MA) and fixed with freshly prepared 2% paraformaldehyde in PBS containing 0.2% Triton X-100 for 15 min at room temperature. Nonspecific binding sites were blocked with 1% bovine serum albumin in PBS for 1 h. Cells were incubated with 1:100 dilution (2 g/ml) of ADAM17-specific antibody (sc-6416, Santa Cruz Biotechnology, Santa Cruz, CA). Negative controls were incubated with buffer. Subsequent incubations with 1:500 dilutions of Alexa Fluor-conjugated appropriate secondary antibodies (Invitrogen, Carlsbad, CA) were performed in blocking solution. Nuclei were counterstained with I g/ml Hoechst 33342 dye. Confocal microscopy was performed using a Leica SP5 laser-scanning microscope (Wetzlar, Germany), and images were analyzed in Adobe Photoshop (San Jose, CA).
Western Blot Analysis
Protein samples were boiled for 3 min in reducing SDS-sample buffer and separated by 4 -12% acrylamide gels. 3% bovine serum albumin for 1 h, and incubated overnight at 4°C with the following antibodies: 1:1,000 ERK and phospho-ERK (Cell Signaling Technology, Danvers, MA), 1:3,000 ␤-actin (Santa Cruz Biotechnology), or 1:2,000 ADAM17 (R&D Systems, Minneapolis, MN) antibodies. Membranes were washed three times in PBS containing 0.1% Tween 20 and incubated for 1 h at room temperature in appropriate dilutions of secondary antibodies. Immunoreactive protein bands were visualized using enhanced chemiluminescence and recorded by Kodak BioMax XR film or an Odyssey CLx Imager (LI-COR, Lincoln, NE). Images were analyzed using Image J Software (National Institute of Health, Bethesda, MD).
Fluorescence Enzyme Activity Assay
Growth medium was removed from cells grown in 96-well plates and replaced with HBSS without or with 1 m PMA (Sigma) and 6 M fluorogenic ADAM17 substrate MCA-PLAQAV (Dpa; R&D Systems). Change in fluorescence intensity of the dye over 1 h (time-resolved fluorescence) was measured using a Molecular Devices SpectraMax M5 instrument and SoftMaxPro software (Sunnyvale, CA). Data are expresses as change in relative fluorescence units/s.
Growth Factor-Shedding Assay
Cells were seeded into 12-well tissue culture plates and cotransfected with alkaline phosphatase-tagged HB-EGF, TGF-␣, or an amphiregulin-expressing construct and scrambled siRNA or ADAM17 small interfering (si) RNA using Dharmafect Duo reagent (Dharmacon, Lafayette, CO), according to the manufacturer's instructions. As negative controls, we used a green fluorescent protein (GFP)-expressing vector. Two days after transfection, the medium was changed and cells were cultured for 2 h in fresh medium. Growth factor release was quantified by measuring the alkaline phosphatase activity of the medium using a sensitive alkaline phosphatase substrate (Attophos, Roche, Indianapolis, IN) and the SpectraMax M5 fluorescence plate reader (Molecular Devices).
Cell Proliferation Assay
Control and PKD cells were seeded in 96-well plates and cultured for 3 days in the presence or absence of an ADAM17 inhibitor (TMI-005, 1 M, Pfizer, New York, NY). DNA content of the wells was measured using a FluoReporter blue cell proliferation kit according to the manufacturer's instructions (Molecular Probes, Life Technologies).
Extracellular Acidification Rate
Confluent control and PKD cells were seeded in 24-well Seahorse assay plates, and extracellular acidification rate (ECAR) was determined using a Seahorse XF24 Flux Analyzer (Seahorse Biosciences, North Billerica, MA) before and after addition of 2DG (50 mM). Data were normalized to cell number and analyzed using Microsoft Excel and GraphPad Prism software (La Jolla, CA).
Lactate Assay
Confluent control and PKD cells were cultured in the presence or absence of the specific ADAM17 inhibitor (TMI-005, 1 M, Pfizer) overnight. Lactate concentration in the culture medium was measured using a lactate assay kit (ETON Biosciences, San Diego, CA) per the manufacturer's instructions using a SpectraMax M5 fluorescence plate reader (Molecular Devices). Data were normalized to cell number. 
Statistical Analysis
Student's t-test and analysis of variance using GraphPad statistics software were performed to determine statistical significance. P values Ͻ0.05 were regarded as statistically significant.
RESULTS
ADAM17 Expression and Activity Are Increased in a Model of ARPKD
To determine whether ADAM17 is upregulated in kidney tissue of PKD mice and PKD cells, we used immunofluorescence staining of kidney sections of tamoxifen-inducible Cre ϩ (PKD) and Cre Ϫ (control) Ift88 floxed allele mice. ADAM17 staining was intense at the apical surface of the proliferating epithelium that lined cystic structures in PKD kidneys (Fig. 1A) . In control kidneys, ADAM17 staining was distributed evenly inside the cells.
Western blot analysis of kidney lysates from the same mice revealed twofold increases in ADAM17 expression in the PKD mouse model compared with controls (Fig. 1B) . Immunofluorescence staining was also performed in immortalized collecting duct epithelial cells originating from the hypomorph Ift88°r pk mice (PKD cells) and in control cells where the Ift88 gene was reintroduced (control) (20) . In PKD cells, immunofluorescence staining for ADAM17 was nearly twice that for control cells (Fig. 2A) . Western blot analysis of the two cell lysates also demonstrated that PKD cells expressed substantially more ADAM17 protein than control cells (Fig. 2B) .
To assess ADAM17 activity, we used two methods. First, we measured ADAM17 activity using a fluorogenic TNF-␣ analog substrate, as described previously (7) . By this method, PKD cells had twofold greater ADAM17 activity than control cells (Fig. 3A) . Second, we assessed shedding of growth factors after transfecting alkaline phosphatase-tagged growth factor constructs (8) . The advantage of this method is detection of low concentrations of growth factors in small volumes of culture media. Compared with control cells, PKD cells shed 2.5-fold more HB-EGF, 1.5-fold more TGF-␣, and 2.8-fold more amphiregulin (Fig. 3C) . To prove that the elevated growth factor shedding in PKD is due to ADAM17, we knocked down ADAM17 expression by silencing RNA (Fig.  3B) . ADAM17 silencing significantly inhibited shedding of all growth factors both in control and PKD cells: HB-EGF shedding decreased by 68 and 84%, TGF-␣ shedding decreased by 79 and 77%, and amphiregulin shedding decreased by 80 and 83%, respectively. The remaining shedding activity may be due to the incomplete (Ͻ100%) silencing or to the activity of other sheddases, including ADAM10 (Fig. 3C) .
Increased ADAM17 Activity Promotes Constitutive Activation of the Proliferative ERK Pathway in ARPKD
The MAPK/ERK pathway is an important effector of ADAM17 that promotes cell proliferation (7) . Therefore, we studied activation of ERK both in PKD animals and in cultured collecting duct cells. Compared with kidneys of Cre Ϫ control mice, ERK phosphorylation was increased sixfold in Ift88-deficient kidneys of PKD mice, confirming upregulation of the ERK proliferative pathway (Fig. 4A) . Furthermore, constitutive ERK phosphorylation was higher in PKD cells than control cells (Fig. 4B) . Moreover, EGF did not further stimulate ERK phosphorylation in in PKD cells, whereas in control cells, EGF increased ERK phosphorylation threefold (Fig. 4C ). These data show that the MAPK/ERK pathway is constitutively active in PKD.
To determine whether ERK activation in PKD cells is due to ADAM17 activity, cells were treated with TMI-005, an inhibitor of ADAM17. ADAM17 inhibition significantly inhibited ERK phosphorylation in PKD cells. Similar data were obtained by silencing ADAM17 expression with siRNA (Fig. 5A) .
To test the effects of stimulating ADAM17 activity on ERK activation, cells were treated with the phorbol ester PMA, a widely used positive control for ADAM17 activation. Using a fluorogenic ADAM17 substrate, we assessed how effectively PMA stimulates ADAM17 activity in our cells. PMA significantly increased ADAM17 activity in control cells but had no significant effect on the already high ADAM17 activity in PKD cells (Fig. 5B) . PMA also increased ERK phosphorylation in control cells but did not further stimulate ERK phosphorylation in PKD cells (Fig. 5C ). These data suggest that PMA activates ERK phosphorylation by stimulating ADAM17 activity and that constitutive ERK activation in PKD is due to increased ADAM17 activity.
Increased ADAM17 Activity Promotes Cell Proliferation in PKD Cells
Proliferation assays showed that PKD collecting duct cells grew 1.5-fold faster than control cells (Fig. 6A) . ADAM17 inhibition attenuated proliferation of PKD cells but had no effect on the proliferation rate of control cells. These data suggest that higher proliferation in PKD cells is due to increased ADAM17 activity.
Enhanced Glycolysis in PKD Cells is ADAM17 Activity Dependent
Glycolytic flux is increased in PKD cells. Enhanced glycolysis is a common feature of the Warburg phenotype in highly proliferative cells. Accordingly, we measured rates of glycolysis in PKD cells compared with less proliferative control cells. As assessed by ECAR in a Seahorse XF24 Analyzer, PKD cells had a twofold higher rate of glycolysis than control cells. Data were normalized to cell number. Addition of 50 mM 2DG to inhibit glycolysis attenuated ECAR in PKD cells but had little effect on control cells (Fig. 6B) , indicating that increased ECAR in PKD cells was due to increased glycolysis. Furthermore, glycolysis was not a significant energy source for control cells since 2DG did not decrease ECAR in these cells.
Higher lactate production in PKD cells is attenuated by ADAM17 inhibition. To confirm increased glycolysis in PKD cells, we measured lactate production by PKD and control cells. Data are normalized to cell number. PKD cells released threefold more lactate than control cells. Treatment with TMI-005 to inhibit ADAM17 decreased lactate production of PKD cells but not in control cells (Fig. 6C) , indicating that ADAM17 not only is involved in cell proliferation but also regulates glycolysis.
DISCUSSION
In PKD, important channels, carriers, and receptors are mislocalized in the cystic epithelia, including aquaporin-2 (19) and the EGFR (6, 17) . Regulation and activity of these mislocalized proteins is altered in PKD and can contribute to dysregulation of several signaling pathways like the cAMP, mTOR, and EGFR/MAPK pathways. EGFR, normally localized to the basolateral surface of the tubular epithelium, is found in abundance on the apical surface in cystic epithelia. Our recent work shows that the activity of these mislocalized receptors is regulated differently from those present on the basolateral surface of control and PKD cells. Apical addition of EGF in PKD cells but not in control cells activated a 23-pS calcium channel, a multimere of polycystin 2, and TRPV4, which lead to increased cell proliferation (26) .
EGFR is activated by a group of EGF-like growth factors, including HB-EGF, TGF-␣, amphiregulin, epiregulin, and neuregulins, as well as EGF. The relative contribution of these growth factors to activation of EGFR may be tissue, species, and disease specific. Accordingly, we previously demonstrated that epiregulin activates EGFR in mouse podocytes while in rat and human mesangial cells HB-EGF serves a similar function (5, 7) . In PKD, TGF-␣ knockout did not change the rate of cystic growth (16) . In bpk mice, increased expression and apical mislocalization of HB-EGF and amphiregulin occur, although the participation of these growth factors in cystic growth is unclear (15) . Although EGF was shown to be one of the most mitogenic growth factors to the cystic epithelium (15) , there is no consensus regarding which growth factors are the most important in EGFR activation in PKD.
Our data indicate that in cystic epithelia of PKD mice, ADAM17 becomes relocalized to the cell surface compared with cytosolic expression in non-PKD mice (Fig. 1A) . Since activated ADAM17 localizes to the cell surface (8) , this finding suggests that in PKD, ADAM17 becomes activated to induce growth factor shedding that can result in sustained upregulation of apical EGFR activity and maintenance of the proliferative phenotype of cystic epithelium. This hypothesis was supported by our in vitro data showing that PKD collecting duct cells had higher ADAM17 expression and activity with a resultant increase in growth factor shedding compared with control cells (Figs. 2 and 3) . This was an important observation since increased ADAM17 expression does not necessarily correlate with increased ADAM17 activity or increased substrate shedding (24) .
Our data also indicate that ADAM17 maintains EGFR activation through increased shedding of several different growth factors in the same cell type, including HB-EGF, amphiregulin, and to lesser extent TGF-␣ in our ARPKD model (Fig. 3) . This redundancy in shedded growth factor availability for EGFR activation may explain why knocking down an individual growth factor may not result in decreased cyst growth in PKD (16) .
Activation of the EGFR/ErbB receptors can turn on several downstream signaling cascades, including the MAPK/ERK, p38, and JNK pathways, which can contribute to cell proliferation and to apoptosis (10) . In PKD cells, we observed sustained activation of the proproliferative ERK pathway compared with control cells (Figs. 4 and 5) . Since several extracellular stimuli acting through many receptors can activate the MAPK/ERK pathway, it was important to establish that increased ADAM17 activity underlies increased ERK activation/ phosphorylation. A role for ADAM17 in ERK activation was supported by the observation that ADAM17 inhibition decreased ERK activation in PKD cells. In addition, ADAM17 inhibition decreased proliferation of PKD cells to the control level. Therefore, our data indicate that ADAM17 is a key enzyme for the sustained activation of proproliferative ERK in PKD through constitutive shedding of multiple growth factors in collecting duct epithelial cells.
Cell proliferation is sustained not only by upregulation of proproliferative signaling pathways but also by important changes in cellular bioenergetics. In nonproliferating cells, glucose catabolism generates pyruvate that becomes oxidized in mitochondria to CO 2 and H 2 O through oxidative phosphorylation. By contrast, highly proliferative cells, including cancer cells, show enhanced glycolysis and generate net lactate even in the presence of physiological levels of oxygen. Although the ATP yield is much lower for glycolysis (2 mol ATP/mol glucose) compared with the oxidation of glucose in mitochondria (ϳ36 mol ATP/mol glucose), it is widely accepted that enhanced glycolysis in the Warburg phenotype confers an advantage for cell proliferation.
Enhanced aerobic glycolysis in proliferating cells is a characteristic of the Warburg effect. The Warburg phenotype is considered beneficial for cell proliferation because the incomplete breakdown of glucose to lactate produces carbon backbones required for protein, nucleotides and lipid synthesis for new cells. Inhibition of glycolysis in proliferating cells leads to apoptosis and cell death. Although the nonmetabolizable glucose analog 2DG has been used to slow down cell proliferation in aggressive forms of glioma (13), 2DG alone is not an effective overall therapy for cancer. In Pkd1 Ϫ/Ϫ ADPKD animals, 2DG can attenuate cyst growth, suggesting a potential beneficial effect of targeting glycolysis in PKD (18) . In our experiments, ARPKD collecting duct cells had higher glycolytic metabolism then control cells as determined by higher ECAR, higher lactate production, and greater sensitivity to glycolysis inhibition by 2DG (Fig. 6) .
Our findings of increased aerobic glycolysis in this model of the recessive form of PKD are in accordance with findings described for the autosomal dominant form of PKD, suggesting that increased aerobic glycolysis is an essential bioenergetic feature for both recessive and dominant forms of PKD. Furthermore, we observed that ADAM17 inhibition decreased lactate production in PKD cells, which indicates that ADAM17 enhances glycolysis in PKD cells, at least in part. Similarly, ADAM17 appeared to play an important role in upregulating proproliferative ERK pathways through increased growth factor shedding in PKD cells. These findings suggest a dual role of ADAM17 in cell proliferation by promotion of both proproliferative signaling pathways and the proproliferative glycolytic phenotype (summarized in Fig. 7) .
Targeting glycolysis alone in cancer is not sufficient to attenuate cell growth, since several cellular processes become dysregulated in cancerous cells. Because PKD cells express a similar metabolic phenotype to cancer cells, we cannot expect total success using 2DG as a monotherapy in this disease. However, there is some indication that glycolysis may promote EGFR activation (22) and that inhibition of glycolysis sensitizes cancer cells to EGFR inhibitor therapy (12) . Since we found upregulation of the ADAM17/EGFR/ERK axis and also ADAM17-dependent increased glycolysis in PKD, we propose that targeting ADAM17 in combination with glycolysis inhibition may represent a novel approach to inhibit cell proliferation and cyst growth for both autosomal and recessive forms of the disease.
In conclusion, ADAM17 is an important regulator of cell proliferation in PKD through two major ADAM17-dependent effects: MAPK/ERK activation and enhanced cellular glycolysis, which may perpetuate cell proliferation in PKD. Further investigation will be needed to analyze ADAM17-related metabolic changes regarding mitochondrial bioenergetics and to identify metabolic enzymes upregulated by increased ADAM17 activity.
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